To investigate the cellular mechanism for the synthesis and secretion of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), we examined the effects of vasoactive agents on the secretion rates and gene expression of ANP and BNP in cultured rat atrial cells. Endothelin (10-`M, +61%), 12-O-tetradecanoylphorbol 13-acetate (TPA, 10-6 M, +62%), the calcium ionophore A23187 (10-6 M, +95%), and Bay K 8644 (10-6 M, +34%) (p<0.05 each) all increased the secretion of ANP into the culture media in a dose-dependent fashion. On the other hand, endothelin (10-`M, +57%) and TPA (10-6 M, +55%) (p<O0.01 each) increased the secretion of BNP in a dose-dependent manner, whereas A23187 (10-6 M, -45%, p<O.OOl) suppressed the secretion of BNP in a dose-dependent manner, and Bay K 8644 caused no significant effects on BNP secretion. The molecular forms of intracellular ANP were exclusively 'y-ANP, whereas those of BNP were y-BNP and its carboxy terminal 45-amino-acid peptide, BNP-45. The ratio of media to cell contents was much higher in BNP than in ANP. Northern blot analysis revealed that both ANP mRNA and BNP mRNA levels were significantly increased by 10`M endothelin (ANP mRNA, +52%; BNP mRNA, +36%; p<0.05 each) and 5x105 M 1-oleoyl-2-acetylglycerol (ANP mRNA, +296%; BNP mRNA, + 133%; p<0.01 each) but not by 10-6 M A23187. Thus, the secretion of ANP is stimulated by both the elevation of [Ca2+1] and the activation of protein kinase C, whereas its synthesis is increased mainly by the activation of protein kinase C. The synthesis and secretion of BNP are augmented by the activation of protein kinase C rather than the elevation of Therefore, to compare the regulation of ANP secretion and synthesis with that of BNP, we studied, using primary cultures of neonatal rat atrial cells, the follow-
trial natriuretic peptide (ANP) is a peptide hormone, a major part of which is stored in and secreted from cardiac atrial cells, whose amino acid sequences are highly conserved from rodents to mammals. Although brain natriuretic peptide (BNP), originally isolated from porcine brain,1 is also considered to be stored mainly in atrial cells, its amino acid sequences are heterogeneous among species, and its proteolytic processing system is different in each species. [2] [3] [4] In addition, the physiological plasma concentration of BNP is much lower than that of ANP. 5 However, once the secretions of ANP and BNP are stimulated, the plasma concentration of BNP is markedly elevated and sometimes exceeds that of ANP.5 Furthermore, the increase in plasma BNP seems to be derived mainly from the ventricle.5 Similar increases in plasma and ventricular BNP were reported in hypertensive patients6
and rats with experimental hypertension.7'8 Although it is unclear which stimuli cause the ventricular expression of BNP, this phenomenon seems to be associated with cardiac hypertrophy.5-8 These findings suggest that BNP acts as an emergency hormone that assists ANP to regulate blood pressure and body fluid volume and that the synthesis and secretion of ANP and BNP may be regulated in different manners.
Accumulated evidence has suggested that both elevation of {Ca2`]i and the activation of protein kinase C (PKC) are important for the secretion of ANP. [9] [10] [11] [12] [13] [14] [15] However, it is uncertain whether these second messengers are also regulators of the synthesis of ANP. Furthermore, little is known about the intracellular mechanism involved in the synthesis and secretion of BNP.
Therefore, to compare the regulation of ANP secretion and synthesis with that of BNP, we studied, using primary cultures of neonatal rat atrial cells, the follow-ing: 1) the rate of secretion, the intracellular content, and the molecular forms of ANP and BNP and 2) the genetic expression of ANP and BNP when stimulated with vasoactive agents.
Materials and Methods Cell Culture
Atrial cells were obtained from 4-day-old Wistar rats according to the methods described previously. 16 In brief, the atria were isolated, minced, and shaken in Ca2+-Mg2+-free Hanks' balanced salt solution with 0.8% collagenase (Wako Pure Chemical Corp., Osaka, Japan) at 37°C for four cycles of 10 minutes each. The supematant was discarded, and cells were resuspended in culture medium consisting of 6% heat-inactivated fetal calf serum, 40% medium 199 (GIBCO Laboratories, Grand Island, N.Y.), 0.1% penicillin-streptomycin antibiotic solution, and 54% balanced salt solution containing (mM) NaCl 116, NaH2PO4 1.0, MgSO4 0.8, NaHCO3 26.2, and glucose 5. The cell suspension was diluted to 4x105 cells/ml and plated on 100-mm or 60-mm culture dishes. The cells were cultured in a humidified incubator with 5% C02-95% air for 3-5 days at 37°C. After reaching confluence, the cultured cells were incubated for another 24 hours in serum-free medium that had the same components as the culture media described above, except that the fetal calf serum content was 0.5%. After washing the cells twice with Dulbecco's phosphate-buffered saline (GIBCO), the medium was replaced with secretion medium (complete serum-free medium supplemented with 50 ,g/ml bacitracin), and incubation was performed for 1 hour with various agents, including endothelin-1 (ET), 12-O-tetradecanoylphorbol 13- TPA was decreased at 2 hours after stimulation.13 Thus, we stimulated the cultured atrial cells for 1 hour. The recovery rate after incubation for 1 hour was 84% for a-ANP, 81% for y-ANP, 73% for BNP-45, and 75% for y-BNP. The recovery rate of y-ANP and y-BNP through Sep-Pak C18 cartridges was approximately 65%, whereas the rates for a-ANP and BNP-45 were 90% and 80%, respectively.
ET, TPA, A23187, and Bay K 8644 stimulated the secretion of ir-ANP into supernatant culture media in a dose-dependent manner. As shown in Figure 1 peaks of ir-ANP were eluted in fractions of molecular weight (MW) 11,000-13,000 and 3,000 (Figure 4a ), but in cultured cell extracts, ir-ANP was eluted only in fractions of 11,000-13,000 (Figure 4b ). The ratio of the high and low MW ir-ANP in the supernatant culture media was approximately 1:1. As shown in Figure 5 , further analysis by RP-HPLC confirmed that the high and low MW of ir-ANP corresponded to y-ANP and a-ANP, respectively. Although small amounts of low MW ir-ANP in the culture media were eluted at earlier times than for a-ANP, they were regarded as degraded compounds of a-ANP. On the other hand, ir-BNP was detected as two peaks, MW 11,000-13,000 and 5,000, both in culture media and cell extracts (Figure 4) . The retention times of these two peaks in RP-HPLC were identical to those of y-BNP and BNP-45 ( Figure 6 ). We examined the recovery rates of high and low molecular weight forms of the peptides from culture dishes after incubation. The recovery of all the peptides was more than 70%, and differences between the high and low molecular weight forms were relatively small. Furthermore, we estimated that the ratio of the ANP content in the medium to that in the cells was approximately 10%, which was a ratio similar to that described by Shields and Glembotski26 (7-15%) and by Bloch et a120 (14%). Thus, nonspecific adsorption of each peptide to the culture dish and cells does not seem to affect our interpretation of the results. We cannot exclude the possibility that y-ANP and y-BNP may be specifically converted to a-ANP and BNP-45, respectively, after being secreted into the medium. Such conversion could influence our interpretation of the results. However, the intracellular molecular forms of ANP and BNP were different, with ANP being exclusively the prohormone, whereas both the prohormone and mature forms of BNP were detected. It seems unlikely that only BNP would be processed during our extraction procedure. In addition, our data were consistent with the composition of molecular forms of ANP and BNP in atrial tissue in previous reports,2 ' 12 1315 However, the differential effects of these second messengers on the secretion and synthesis of natriuretic peptides have been scarcely examined. The accumulation of both ANP and BNP mRNA was stimulated by ET and OAG but not by A23187. This indicates that synthesis of ANP and BNP is stimulated by PKC activation rather than by the elevation of It is well established that atrial stretch is the most important physiological stimulus for ANP secretion. 35, 36 However, there is still controversy with respect to the intracellular mechanisms responsible for the stretchinduced secretion of ANP. Ruskoaho et a137 showed that stretch-induced ANP secretion from the isolated heart was augmented by a PKC activator but not by a Further studies are required to elucidate the intracellular mechanisms for stretch-induced ANP secretion.
In conclusion, despite the similar natriuretic and vasodilating effects, the regulatory mechanisms for the secretion and processing of ANP and BNP are not identical. This difference seems to be related to their different secretory pathways and, in turn, the different pathophysiological roles of these natriuretic peptides.
